The role of a dprA ortholog (Cj0634) in Campylobacter jejuni transformation was phenotypically assessed using two strains. C. jejuni strain 11168 was naturally competent for transformation by chromosomal DNA, while efficiency decreased 100-fold in a Cj0634::aphA mutant, whereas C. jejuni strain 480 was not naturally competent. C. jejuni strain 480 but not 11168 could be electro-transformed by shuttle plasmid pRY111, an effect completely abolished by Cj0634 interruption. Complementation of the Cj0634 mutation in C. jejuni strain 480 in trans with vectors containing the dprA homologs from C. jejuni, Helicobacter pylori, or Haemophilus influenzae, completely (for Cj0634) or partially (H. pylori > H. influenzae) restored electro-transformation. Thus, C. jejuni expresses a DprA ortholog that functionally most closely resembles that of H. pylori and is involved in DNA transformation.
Introduction
Campylobacter jejuni is a gram negative microaerophilic bacterium that colonizes the gastrointestinal tract in avian and mammalian species, and is a common cause of diarrheal diseases in humans [1] . The genetically heterogeneous C. jejuni are naturally competent to take up and integrate DNA [2, 3] ; this heterogeneity may result, at least in part, from intraspecies horizontal gene transfer. The ability for horizontal DNA transfer may be an important characteristic enabling survival of C. jejuni in various natural hosts. Characterization of the factors involved in C. jejuni DNA transfer may lead to insights that are generally applicable to other species.
Prior work by our group had drawn our attention to DprA as one of the factors involved in bacterial uptake and integration of DNA. Analysis of the complete genome sequence of C. jejuni 11168 [4] revealed a 774-bp open reading frame (Cj0634) predicted to encode a protein with homology to DprA (encoded by dprA) of Haemophilus influenzae and Helicobacter pylori. In H. influenzae, DprA is essential for transformation by chromosomal DNA [5] , whereas in H. pylori, DprA facilitates but is not essential for transformation by chromosomal DNA, and is necessary for plasmid uptake [6, 7] . Using random transposon mutagenesis, Wiesner et al. [8] identified 11 genes involved in C. jejuni transformation. All these mutations decreased transformation efficiency at least >1000-fold, but Cj0634 was not one of the identified genes. C. jejuni strains display variation in competence, and some strains, while not naturally competent, can be electro-transformed [3] . We used C. jejuni strains that were naturally competent or electrocompetent to determine the role of Cj0634 in natural and electro-transformation by chromosomal or plasmid DNA. These studies may help the characterization of the properties of this highly conserved bacterial gene.
Materials and methods

Strains and growth conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . C. jejuni strains were grown on Brucella agar at 37°C in a 5% CO 2 atmosphere. Antibioticresistant C. jejuni transformants were selected with kanamycin (25 lg/ml), chloramphenicol (10 lg/ml), nalidixic acid (40 lg/ml) or streptomycin (15 lg/ml). To obtain spontaneous mutants that were streptomycin or nalidixic acid resistant due to point mutations, approximately 10 10 cells of C. jejuni strains 11168, 480, 81116, and 81-176 were grown on TSA medium containing either 15 lg/ml streptomycin or 40 lg/ml nalidixic acid.
DNA techniques
Campylobacter jejuni chromosomal DNA was prepared from two agar plates cultured for 18 h as described [9] . Using the Birnboim method [10] , plasmid DNA was prepared from 24 h cultures of C. jejuni or from Escherichia coli (16 h growth). Primers used for PCR were designed based on C. jejuni 11168 sequences; H. pylori primers were based on H. pylori 26695, H. influenzae primers were based on H. influenzae 3384, and primers specific for aphA were derived from pUC4K (Pharmacia) (Supplementary Table 1 ).
Sequence analysis
Database similarity searches of GenBank and Unfinished Microbial Genome sequences used the BLAST algorithm [11] , sequence comparisons were performed with the Genetics Computer Group analysis programs at the Research Computing Resource at New York University. Secondary structure analysis was done by the Chou-Fasman algorithm [12] , using the program Peptide structure [13] .
Inactivation of Cj0634
Mutants of C. jejuni strains 11168 and 480 were constructed in which Cj0634 was disrupted by insertion of a Kan r (aphA) cassette from pUC4K. First, Cj0634 of strain 11168 was amplified by PCR using primers were transformed by electroporation to Kan r using pTT102 isolated from E. coli, to create 11168/0634::aphA and 480/0634::aphA, respectively. Chromosomal DNA was isolated from these transformants and the insertion of the aphA cassette within Cj0634 was confirmed by PCR using primers BA4496 and BA4497, BA4496 and OP1659, and BA4497 and OP1660 (Fig. 1). 
Natural transformation and electroporation
The biphasic method for natural transformation was used [3, 14] . Chromosomal DNA from Str r or Nal r mutants was used as donor DNA to determine the effect of Cj0634 disruption on transformation frequency using isogenic chromosomal DNA. Under the transformation conditions used, no spontaneous Str r or Nal r mutants were formed, as indicated by the absence of resistance in the controls to which no DNA was added .For samples to which DNA was added, the transformation frequency was determined by the number of the Str r or Nal r colonies per lg DNA per recipient CFU. All data shown for the transformation frequencies, including the complementation studies, represent the mean of three independent experiments.
The electro-competence of strain Cj480 was assessed by electroporation [3] with shuttle vector pRY111 that can replicate in both E. coli and C. jejuni and confers chloramphenicol resistance [15] .
Complementation analyses
For complementation studies, dprA homologs were cloned under control of a strong C. jejuni promoter. Using appropriate primers (Supplementary Table 1 ), the promoter region of the flaA operon (Pfla) was amplified from C. jejuni strain 11168. The complete open reading frames of HP0333, HI0985, and Cj0634 were amplified from H. pylori 26695, H. influenzae 3384, and C. jejuni 11168, respectively. First, Pfla was ligated into pRY111 using XbaI and PstI sites that had been included in the amplicon. Each of the three dprA homologs then was ligated into the PstI and KpnI sites of the construct to create pTT305, pTT306, and pTT307, corresponding to the C. jejuni, H. pylori, and H. influenzae ORFs, respectively. The proper construction of each plasmid was confirmed by PCR (Fig. 1) . Since strain 480/0634::aphA was incapable of plasmid uptake, wildtype Cj480 cells first were transformed with pTT305, pTT306, or pTT307. Next, a PCR product of the disrupted C. jejuni gene Cj0634 from 480/0634::aphA was produced using primers BA4496 and BA4497. This was introduced by electroporation into Cj480/pTT305, Cj480/pTT306, and Cj480/pTT307 to disrupt the chromosomal Cj0634 locus, thus, creating Cj480-Cj0634:: kan/pTT305, Cj480-Cj0634::kan/pTT306, and Cj480-dprA::kan/pTT307, respectively. Each construction was confirmed by four PCRs: in addition to the two primer sets specifically amplifying the disrupted gene (combining primer BA4496 with OP1659, and OP1660 with BA4497) a forward primer specific for the flaA promoter (NY1528) was combined with a reverse primer corresponding to each of the Cj0634 homologs, BA4497, NY101, or NY103. In the final control PCR, the flaA promoter primer was combined with a reverse primer specific for the aphA gene (OP1660) and this reaction was negative. The position of the putative À35 box upstream of flaA is at position À83 from the translational start. Since intergenic regions in C. jejuni are generally short, a segment of 100 bp should be sufficiently long to contain the functional promoter. We have used a sequence of 137 bp upstream, which also contains the ribosome binding site.
Results
Conservation of dprA homologs in other bacterial species
A BlastP search of GenBank with the amino acid sequence encoded by Cj0634 revealed strong homology (P values ranging from 10 À48 to 10 À4 ) with predicted proteins from 105 different bacterial species, with strongest similarity to predicted proteins from H. pylori (1 · 10 À48 ), Wolinella succinogenes (4 · 10 À47 ), and with significantly less similarity, H. influenzae (1 · 10 À17 ). Substantial homologies were found in 37 species, including both Gram-negative and Gram-positive bacteria, and an archaea, Pyrococcus furiosus. Of those organisms with an identified dprA gene, only six, including C. jejuni, H. pylori, and H. influenzae, are known to be naturally competent. In several genomes, no homolog could be identified, indicating that dprA is not universally present in bacteria.
When the sequences of the predicted proteins with highest similarity to Cj0634 were aligned along with the H. influenzae protein for which function has been established, most of the sequence of Cj0634 (from amino acid 10-188) was conserved (for sequence alignment see Supplementary Figure 1 ). As expected, secondary structure predictions of the putative proteins from C. jejuni, H. pylori, and H. influenzae showed similarity within the region of amino acid sequence homology, including many potential b-turns (data not shown). In total, these data indicate that Cj0634 belongs to a family of genes conserved among many, but not all, known bacteria genera.
Construction of Cj0634 mutants
To study Cj0634 function, we constructed mutants in which an aphA insertion disrupted Cj0634 (Fig. 1) , in strains 11168 and 480 which vary in their competence phenotypes [3] . When cells of the wild-type C. jejuni strains were transformed with pTT102, a suicide vector carrying Cj0634::aphA, the transformation frequencies (transformants per lg of DNA per CFU) to Kan r were 1.2 · 10 À9 for strain 11168 and 1.4 · 10 À10 for strain 480. Specific PCR (see Section 2.4 and Fig. 1 ) confirmed the replacement of Cj0634 with Cj0634::aphA by allelic exchange in transformants tested for both strains. Colony morphology and growth on TSA plates of the Cj0634::aphA mutants appeared unchanged from that of their wild-type parental strains.
Transformation of wild-type C. jejuni and Cj0634 mutants by isogenic chromosomal DNA
To examine whether Cj0634 disruption affected C. jejuni natural competence, we compared the mutants with wild-type cells, using isogenic chromosomal DNA from Str r or Nal r cells (Fig. 2) . Transformation of wildtype strain 11168 was efficient across a broad range of donor DNA concentrations (0.01 ng/ml to 1 lg/ml) and peaked between 2.8 · 10 À4 and 3.4 · 10
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(À3.4 log 10 to À4.6 log 10 ), and was similar for the two markers (Fig. 2, and data not shown) . All further experiments were performed using 100 ng of transforming chromosomal DNA. Natural transformation of 11168/0634::aphA with DNA from each of four Str r or Nal r C. jejuni strains yielded frequencies approximately 100-1000 times lower than that of its parental strain ( Table 2) . Electroporation of 11168/0634::aphA with 100 ng Str r or Nal r donor DNA from 11168 also yielded a transformation rate approximately 2 log 10 lower than observed for the parental strain (data not shown). In contrast, wild-type C. jejuni strain 480 was not naturally competent for Str r or Nal r transformation (the frequency was below the detection limit of 1.3 · 10 À8 , or À7.9 log 10 ) (data not shown). However, strain 480 could be transformed when electroporation was used to deliver DNA (Table 3) . Using this method, the mean electro-transformation frequencies of the mutant (Cj480/0634::aphA) to Str r or Nal r were about 2 log 10 lower than those of its parental strain (Table  3) . In each case, control experiments without donor DNA yielded no transformants. Thus, disruption of Cj0634 substantially reduced (by approximately 2 log 10 ) but did not eliminate, the uptake of chromosomal C. jejuni DNA by either natural transformation or electro-transformation in the two representative strains.
3.4. Efficiency of transformation of wild-type C. jejuni strains and mutants by plasmid DNA Next, to assess the effect of Cj0634 on transformation of self-replicating DNA not requiring integration, we asked whether the C. jejuni strains could be electrotransformed by the E. coli-C. jejuni shuttle plasmid pRY111, that confers chloramphenicol resistance [15] . When introduced by electroporation, this plasmid transformed C. jejuni strain 480 with slightly higher efficiently (À5.7 ± 0.1 log 10 ) when harvested from C. jejuni 480 than from E. coli DH5a cells (À6.1 ± 0.1 log 10 ) ( Table 3 ). In contrast, for the 0634::aph mutant of C. jejuni 480, there was no detectable electro-transformation by pRY111 (Table 3) . Thus, mutation in Cj0634 abolished C. jejuni electro-transformation by plasmid DNA. Wild-type strains 11168, 81116, and 81-176 were not electro-competent for pRY111, whether harvested from E. coli or from C. jejuni 480 (data not shown), [3] . Since suicide plasmid pTT102 could be successfully introduced into strain 11168 by electroporation (see Section 2.4), this strain can undergo recombination with a plasmid.
Complementation analyses
In C. jejuni, Cj0634 overlaps the preceding gene (Cj0633) by 10 bp and the downstream gene (Cj0635) by 3 bp (Supplementary Figure 2) . The predicted function of these flanking genes is similar to those flanking b Determined on the basis of antibiotic-resistant colonies per lg DNA per recipient strain CFU. Data represent the mean of three experiments with 100 ng donor DNA expressed as log 10 .
c NA, not applicable.
dprA in H. pylori. Since Cj0634 appears to be part of an operon conserved in C. jejuni and in H. pylori [6] , using complementation analysis, we examined whether the diminished transformation observed for the mutants was due to loss of Cj0634 per se or due to polar effects on adjacent genes. To restore Cj480/0634::aphA by introducing a wild-type gene in trans, we developed a strategy to introduce Cj0634 downstream of the flaA promoter (PflaA) in trans (Fig. 1) . In strain Cj480/ 0634::aphA/pTT305 in which the plasmid-encoded transgene is Cj0634, the frequency of electro-transformation was completely restored to that of the wild-type strain ( Table 4 ). The presence of two or more intact copies of Cj0634 in strain Cj480/pTT305 did not yield increased electro-transformation frequencies compared with the wild-type strain ( Table 4) . As expected, results for electro-transformation using the two antibiotic resistance markers were highly similar. These complementation studies confirm that the changes in phenotype associated with Cj0634 function were specifically due to Cj0634 disruption.
Complementation with H. pylori and H. influenzae dprA homologs
Since there is substantial homology of the Cj0634 product with the DprA proteins of H. pylori and H. influenzae, but their functions are not identical [5] [6] [7] , we examined whether the heterologous genes could complement the deficiency in the C. jejuni Cj0634 mutants. Using a parallel strategy to the complementation with Cj0634 in trans, we then complemented the mutant with dprA from H. pylori (Hp0333 in pTT306) or from H. influenzae (HI0985 in pTT307). With results highly similar for the two antibiotic resistance markers studied, both the H. pylori gene in pTT306 and the H. influenzae gene in pTT307 partially restored electrotransformation (Table 4) . Although complementation was more efficient for pTT306 carrying the H. pylori dprA homolog than for pTT307, the cross-complementation studies provide experimental confirmation that Cj0634 is the C. jejuni dprA.
Discussion
The high level of homology of the Cj0634 gene product with predicted proteins from diverse bacterial genera indicates that it belongs to the widely conserved dprA gene family [6] . The wide distribution, conserved sequences, and phylogenetic pattern [6] of this family imply both ancient origin and important function. Although in most organisms their functions have not been characterized, the DprA homologs are involved in DNA transformation in four naturally competent species: H. influenzae [5] , H. pylori [6, 7] , Streptococcus pneumoniae [16] , and now in C. jejuni. Similarity of the predicted secondary structures for the DprA homologs 
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a The transformation frequency is expressed as in Table 3 . Data represent the mean of three experiments with 100 ng donor DNA, shown as log 10 .
from H. pylori, C. jejuni, and H. influenzae and the cross-species complementation results also indicate close functional relationships. Natural competence is a physiological state that allows uptake of macromolecular DNA from the environment [17] . C. jejuni strains may be naturally competent in vitro [2, 3] , and evidence of substantial recombination in its population structure [18] is consistent with competence under in vivo conditions. The presence of homoplasies among strains within the observed substantial genetic diversity of this species [19] has been interpreted as being due to intraspecies and interspecies horizontal genetic exchange [18, 20] . During experimental infection of chickens, horizontal gene transfer was demonstrated [21] , but the frequency with which horizontal gene transfer occurs under actual environmental conditions, and the genetic basis of competence differences between strains remain unknown.
There are important differences in DprA function between H. pylori and H. influenzae. In H. influenzae and S. pneumoniae, DprAand CilB (DprA homolog), respectively, are required for transformation by chromosomal DNA [5, 16] , and in H. influenzae, DprA is not required for transformation by plasmid DNA [5] . However, in H. pylori, dprA disruption eliminated plasmid uptake, and substantially reduced (>90%) but did not eliminate transformation by chromosomal DNA [6] . That in C. jejuni dprA disruption markedly reduced but did not eliminate transformation (and electrotransformation) by chromosomal DNA and completely eliminated transformation by plasmid DNA, indicates a function similar to that of H. pylori; results of the complementation studies (Table 4) are consistent with this hypothesis. Our experiments show that the source of donor DNA does not substantially affect transformation frequency for strain 11168. Thus, 11168 appears to be a general DNA acceptor, in contrast to strain 81116, which can be transformed by DNA originating from 81116 but not from strain 480 [3] . Interestingly, strain 81116 is a representative of a clone that was found to be stable over time and location [22] . The interstrain variation in transformation frequencies may reflect restriction differences, since, for example, strain 11168 lacks several restriction-modification genes found in strain 81116 [23] .
In H. influenzae, dprA and the downstream dprB and dprC are transcriptionally co-regulated and competence-inducible [24] . Since our complementation studies show that C. jejuni dprA, by itself, is sufficient to restore the wild-type phenotype as in H. pylori [6] , the flanking genes, even if co-transcribed, are not required for the transformation event. Further, in both C. jejuni and H. pylori, there are no homologs for dprB or dprC, and both organisms appear to lack uptake sequences as well [8, 25] . Although the copy number of the complemented plasmids in trans is not known, having at least two functional dprA ORFs does not enhance transformation, which suggests that when dprA is intact, other steps in DNA transformation, potentially involving the genes identified by Wiesner et al. [8] , are rate-limiting.
The presence of apparent DprA homologs in species that are not naturally competent for transformation suggests other possible functions for these proteins. Based on the wide distribution of DprA homologs, a general activity in DNA processing may be postulated, and our hypothesis concerning a DprA role in DNA translocation within the bacterial cell is consistent. Alternatively, natural competence may be a more widespread biological phenomenon than is generally considered, consistent with increased recognition of the ubiquity of horizontal gene transfer in prokaryotes [26] [27] [28] .
